Butyrivibrio fibrisolvens is a bacterial species ubiquitously found in the gastrointestinal tracts of mammals. The species was initially described by using strains isolated from rumen contents (5) and was subsequently found also in fecal material from rabbits, horses, pigs, and humans (4, 17) . Strains of this species characteristically are curved rods that are strictly anaerobic and usually are motile by one polar or subpolar flagellum. They stain gram negatively, but have a gram-positive cell wall structure, and they produce butyric acid as a major fermentation product. All strains are saccharolytic, and individual strains have been isolated that can ferment cellulose, xylan, starch, and other plant cell polysaccharides. In addition, over half the strains produce an extracellular protease and utilize proteins and/or peptides as nitrogen sources for growth (8) .
Plant triglycerides and other lipid like materials are not extensively degraded in the rumen, but are subjected to partial hydrolysis. Strains of B. fibrisolvens have been isolated that are capable of hydrolyzing saponins (11) , tributyrin (15) , or galactolipids (12) . Strain 53 was shown to have an esterase activity toward hydrolysis of esters of short-chain fatty acids (15) . Strain S2 was found to possess phospholipase and galactolipase activities (13) . However, most strains have not been examined for esterase activities.
A number of previous studies have clearly shown that B. fibrisolvens strains are quite variable in phenotypic traits. Recent studies from our laboratory have indicated that B. fibrisolvells is a collection of genetically diverse strains that differ in the G+C content of their DNAs, in the hybridization levels between DNAs (B. Mannarelli and R. B. Hespell, Abstr. Annu. Meet. Am. Soc. Microbiol. 1987, 1-139, p. 195) , and in the composition of the extracellular polysaccharides produced by these strains (19) . These data suggest that there may be several different species ofthis bacterium. This * Corresponding author.
1917 study was conducted to examine various B utyrivibrio strains isolated from diverse sources and to hence determine whether esterase activity is a common property of these strains and to characterize the activity in terms of substrate specificity and other properties.
MATERIALS AND METHODS
Abbreviations. The following abbreviations are used in the text: NX ester, naphthyl ester; NPX ester, p-nitrophenyl ester; X is acetate (A), butyrate (B), caprylate (C), laurate (L), or palmitate (P).
Bacterial strains and growth conditions. All strains used were previously characterized and were from our culture collection or from M. P. Bryant (Department of Animal Sciences, University of Illinois, Urbana). The original sources of the Butyrivibrio strains have been indicated in a previous publication (19) . Unless indicated otherwise, all strains were grown on RGM medium containing glucose under an atmosphere of 20% carbon dioxide-80% nitrogen at 37°C (14). All cultures were grown to mid-to late logarithmic growth phase prior to experimental use. Growth was measured by optical density values at 660 nm. Cell suspensions were made from cell pellets collected from cultures by centrifugation (16,000 x g, 20 min, 15°C) and suspended in oxygen-free phosphate buffer (40 mM [pH 7.0]).
Assays of enzymatic activities. Esterase activity was measured by two separate assay methods involving the hydrolysis of either NX esters or NPX esters offatty acids, adapted from the procedures of Lanz and Williams (15) and Westlake et al. (20) , respectively. The NX ester assay mixture contained 0.5 ml of 0.2 M sodium phosphate buffer (pH 7.0), 1.75 ml of distilled water, 0.15 ml of 5.0 mM naphthyl fatty acid ester (dissolved in methano!), and 0.1 ml of enzyme source. The assay was initiated by adding the source of enzymatic activity and then incubating the mixture at 37"C for 10 min. After termination by addition of 0.5 ml of Fast Garnet GBC (5 mg/ml in 10% [wt/vol] sodium dodecyl sulfate) and incubation at room temperature for 15 min, the optical density at 560 nm was measured. The standard curve was prepared by using a-naphtho!. The NPX ester assay mixture contained 2.0 ml of 0.1 M sodium phosphate buffer (pH 7.0) in 1 mM dithiothreitol), 0.01 ml of 0.25 M pnitrophenyl fatty acid ester (dissolved in dimethylformamide), and 0.5 ml of enzyme source. The assay was initiated by adding the enzyme source and then incubating the mixture at 37°C for 15 min. The optical density at 405 nm was measured immediately. The standard curve was prepared by using p-nitrophenyl phosphate. With both assay procedures the esterase activity was linear over the time of incubation when cell suspensions with optical density values at 660 nm of 0.1 to 0.50 were used. Assays were run in the presence of air, since no changes in activity levels were noted by when a nitrogen atmosphere was used with about six different strains. In most cases activities were normalized as nanomoles hydrolyzed per minute per culture optical density at 650 nm to correct for various culture cell densities and for the inability to accurately measure the trace protein levels (5 to 15 j.Lg/ml) in the culture fluids. Acetyl xylan esterase activity was measured by the release of acetate from acetyl birchwood xylan (see below) as the substrate. The assay mixture contained 0.125 ml of 100 mM phosphate buffer (pH 6.8), 0.125 ml of 10 mM dithiothreitol, 0.50 ml of acetyl birchwood xylan (25 mglml), and 0.50 ml of sample. The assay was initiated by addition of the sample. After incubation at 3rC for 30 or 60 min, a 0.20-ml portion was removed and added to 0.60 ml of ice-cold ethanol; the mixture was incubated on ice for 30 min to precipitate the xylan, which was removed by centrifugation (10,000 x g at 4°C for 10 min). The supernatant fluid was removed, frozen, and lyophilized to dryness. The residue was suspended in 0.10 ml of water, acidified by addition of 0.90 ml of 10% (vol/vol) phosphoric acid, and immediately assayed for acetate by gas-liquid chromatography (see below).
The xylanase activities of various samples were measured by using the orcinol method to detect the release of pentoses from larchwood xylan as described previously (14). Results of all assays of enzymatic activities are the average of duplicate or triplicate experiments.
Formation of protoplasts. Cell pellets were suspended to 11 10 of the culture volume in wash buffer [10 mM piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES; pH 6.8), 25 mM sodium chloride, 10 mM magnesium chloride] containing 10% (wt/vol) sucrose after being washed once by centrifugation in wash buffer. Lysozyme was added to a final concentration of 1 mg/ml, and the suspension was incubated at 37°C until about 90% of the cells formed protoplasts (30 to 45 min). When necessary, protoplasts were centrifuged (10,000 x g, 5 min, 4°C) and the resultant pellet was suspended in sucrose-wash buffer.
Xylan sources. Larchwood and oatspelt xylans were purchased commercially (Sigma Chemical Co., St. Louis, Mo.). Birchwood xylan was prepared from birchwood chips (obtained from T. Jefferies, U.S. Department of Agriculture Forest Products Laboratory, Madison, Wis.) by autoclaving equal volumes of wood and water twice for 10 min. After the wood had been filtered out, the aqueous extract was lyophilized to dryness, suspended in a minimal amount of water, and exhaustively dialyzed against water in tubing of about 6,000-to 8,000-molecular-weight cutoff size. The sugar-free xylan preparation was then lyophilized to dryness, yielding about 0.1% of the initial wood weight. A portion of the birchwood was digested with 0.1 M NaOH for 48 h at 37°C), and, from measurements of the acetate released, the xylan was found to contain about 11% acetate by weight. The acetate was measured by gas-liquid chromatography with a Hewlett-Packard 5890A gas chromatograph equipped with a 30-m megabore DBWax column. The column was run isothermally at 125°C with argon as the carrier gas (flow rate, 15 ml/h). The injector and flame ionization detector were kept at 200 and 220°C, respectively.
Other reagents. All other chemicals or biochemicals were reagent grade or better and were purchased from Sigma.
RESULTS
A survey of major ruminal bacteria indicated that a variety of species possessed some esterase activity, including Butyrivibrio, Bacteroides, Selenomonas, and Streptococcus strains ( Table 1 ). All tested strains were capable of hydrolyzing NA, NPA, NB, and NPB esters, and a few species could hydrolyze esters with longer fatty acid chains. Generally, much higher activities were observed with NPX esters as substrates.
The changes in total culture esterase activity were monitored as a function of the culture growth stage. With B. fibrisolvens 49 and CF4c the esterase activity increased with cell growth until the stationary growth phase was reached, after which the activity remained fairly stable ( Table 2 ). The production of extracellular proteases is constitutive (8) and followed the same pattern as seen for the esterase activity. Both the esterase and protease activities in the culture remained at stable levels after growth ceased. Similar effects of growth on esterase activity were found for B. fibrisolvens 12, S2, IL631, and CE51, as measured by using NA, NPA, NB, NPB, NL, and NPL ester. The effects of additions of different metal ions and metal chelators on total culture esterase activity as measured by NA ester hydrolysis were examined by using B. jibrisolvens CF4c, E9a, and 49. Addition of calcium chloride (0.1 to 1.0 mM) decreased activity by 10 to 30%. The addition of magnesium chloride or manganese chloride at similar levels generally had no effect. However, when sodium EDTA was added at 0.1 or 10.0 mM, a 25 to 50% or a 40 to 80% loss of activity, repectively, was observed. When the pH of the assay mixture was varied over the normal range found in the rumen, pH 5.8 to 7.0, the esterase activity varied less than 10%. With cultures of strains CF4, S2, or 49, preincubation of the culture sample at 42 or 60°C for 30 min resulted in a 10 or 75% decline in esterase activity, repectively. Changing the assay temperature to either 22 or 60°C also caused about a 30 to 35% decline in activity. In addition, no changes in activity were noted when assays with the above strains were run with oxygen-free asssay components and a nitrogen atmosphere.
All previous esterase activities were measured with culture samples, and the results reflected total culture activities. More detailed studies on the distribution of esterase activity between cells and culture fluids were done with B. jibrisolvens 49, CF4c, and S2 (Table 3 ). The known lipolytic strain S2 produced the most activity. With all three strains, most of the NB esterase activity was cell associated, and little activity was detectable in the culture fluids. When whole cells were converted to protoplasts with lysozyme plus sucrose as an osmotic stabilizer, esterase activity was retained by the protoplast suspension. When the protoplasts were gently centrifuged and resuspended in fresh sucrose buffer, the washed protoplasts stilI retained much esteraseactivity, whereas the protoplast supernatant fluid contained no detectable activity (Table 3) . However, an unexplainable substantial loss of overall activity occurred with this last procedure.
The majority of B. jibrisolvens strains are xylanolytic and often can grow on a variety of xylans having different sugar compositions (14). When several strains that grow well on xylans were grown on larchwood xylan, the amount of esterase activity produced increased significantly with strains D16f and D30g, but not with strains 787 or X6C61 (Table 4) . When the strains were grown on citrus pectin, which contains ester-linked methyl groups, only strain X6C61 showed increased activity levels. In almost all instances, the majority of the NA or NB esterase activities were cell associated, regardless of the carbon source used for growth. In addition, the resuspended cells often showed activity levels equal to or greater than those measured with the total culture.
A survey was conducted of a large number of B. jibrisolvens strains for esterase activity by using napthyl esters of short-to long-chain fatty acids (Table 5 ). Esterase activity varied over a range of about 10-fold between strains, as measured by NA ester hydrolysis. All strains were able to hydrolyze esters of fatty acids from C 2 (acetate) to C 16 (palmitate), but there was a general decrease in activity with increased carbon chain length of the substrate used (data for NC and NP esters not shown). In general, about 70% of the total culture NX esterase activities were associated with the cells. As noted above (Table 1) , esterase activity could also be measured by hydrolysis of nitrophenyl esters of fatty acids. When the same cultures were assayed in this manner, some different patterns of esterase activity were observed (Table 6 ). For many strains, esterase activities were about two-to sevenfold higher than those observed with NX esters, but the same general decrease in activity with longerchain fatty acids was seen. The addition of 20% methanol (used in the NX ester assays) to the NPX ester assay mixtures did not result in decreased activities. In addition, substantial amounts of NPX esterase activity were detected in the culture fluids, and this observation was particularly evident for strains CF3a, CF3b, NOR37, E21c, CE51, and CE52 (Table 6 versus Table 5 ).
The increased esterase activities measured with NPX esters suggested that the culture fluid contained some esterase activity that was not adequately measured by use of NX esters as substrates. This possibility was explored further with B. jibrisolvens 49, H17c, and NOR37 grown on RGM medium containing glucose as the energy substrate (Table 7 ). All three cultures showed esterase activity as noted above. All three cultures possessed xylanase activity toward larchwood and birchwood xylan. Acetyl xylan esterase activity, as measured by release of acetate from birchwood acetyl xylan, was detected with strains H17c and NOR37. Very little or none of this activity was detected in the cells of these strains, and considerable activity was found in the culture fluid. Similar results were also found for strains D1 and D30g (data not shown). Only trace levels of acetyl xylan esterase activity were found with strain 49.
DISCUSSION
These data show that a number of major ruminal bacteria have some esterase activity (Table 1) and that all B.jibrisolvens strains examined displayed high esterase activities as measured by hydrolysis of NX or NPX esters of fatty acids 787   X6C61  substrate  T  F  C  T  F  C  T  F  C  T  F  C   Glucose  NA  39  3  27  6  1  6  92  25  76  45  0  49  NB  12  0  11  8  0  32  20  4  10  10  0  18   Larchwood xylan  NA  189  29  306  82  27  71  103  34  49  44  18  70  NB  35  14  25  23  5  25  33  10  24  28  5   13   Citrus pectin  NA  33  89  115  92  29  66  81  31  76  175  35  147  NB  18  3  28  44  16  0  46  17  35   13 20 0 a Activity is expressed as nanomoles ofNA or NB hydrolyzed per minute per culture optical density at 660 nm. T, F, C, Total culture, culture fluid, and cells, respectively.
( Tables 5 and 6 ), In almost all cases the measured activity declined with increasing carbon chain length of the fatty acid used as the substrate, and with some strains the decreases were directly proportional to the chain length. These decreases in activity could result from lower substrate turnovers with the enzyme per se, from decreased solubilities of longer-chain fatty acid substrates, or from both effects. The decreased activities were observed with both NX or NPX esters, as well as with various ruminal bacteria ( Table 1) .
With B. fibrisolvens strains, esterase activities occurred in proportion to growth (Table 2 ) and paralleled extracellular protease formation. With most strains growth on various carbon sources did not dramatically alter the levels of esterase activity, although with some strains 3-to 10-fold increases were noted (Table 4) . These data are consistent with at least NX esterase activity being constitutively produced by B. fibrisolvens strains.
The NX esterase activities for most strains were found to be associated predominantly with the cells and not with the culture fluid (Tables 3 to 5 ). Although low levels were frequently detected in the culture fluid, these activities may have arisen from a small amount of cell lysis. When whole cells were converted to protoplasts, NX esterase activity was retained by the protoplasts, possibly associated with the cell membrane. The observation that both short-and longchain fatty acid NX esters were hydrolyzed suggests that the cellular NX esterase may reflect a lipase(s). These findings are in agreement with the properties and location of phospholipase and galactolipase activities studied in detail with B. fibrisolvens S2 (13) and with the hydrolysis of triglycerides by B. fibrisolvens 53 (15), Although these previous studies on strain 53 showed no effects of metal ions on esterase activity, we observed EDTA inhibition of activity with a number of other strains, suggesting that some metal ions may be needed for optimal activity, Substantial levels of NPX esterase activities were found both in the culture fluid and with the cells (Table 6 ). The culture fluid activity was quite low when using NX esters for many strains (Table 6 versus 5). These results suggest that a second esterase activity was present that was associated mainly with the culture fluid. This activity may. in part. be due to the extracellular protease produced by many B. fibrisolvens strains. However, attempts to use synthetic substrates involving NP or NPX esters of amino acids to measure this protease activity have been unsuccessful (8) . A second possibility is that the culture fluid esterase activity is associated with the presence of an acetyl xylan esterase. Two strains, H17c and NOR37, which possessed high extracellular esterase activities were also found to produce an extracellular acetyl xylan esterase activity in addition to xylanase activity (Table 7) . Similar results were found for strains Dl and D30g.
Recently the presence of acetyl xylan esterase activities in fungi (2) and yeasts (16) has been reported. The existence of enzymatic activity that releases acetate from acetylated xylans, i.e., acetyl xylan esterase, in B. fibrisolvens is not entirely surprising, since most strains are highly xylanolytic. The cell walls of higher plants have been shown to contain O-acetyl groups with the acetyl content equivalent to about 2% of the plant dry weight (1) . Measurements of ruminal digestion of perennial or Italian rye grass cell walls have shown that acetylated xylose residues have low digestibility and may have an inhibitory effect on the overall digestion of xylans (18) . However, the digestibilities of these cell wall preparations were markedly increased when the acetyl groups were removed by anhydrous sodium ethoxide treatment. Recent studies have shown that a variety of other grasses and straws contain hemicelluloses having alkalilabile substituents on the xylose (0-2 and/or 0-3) and arabinose (0-5) residues, of which acetyl groups could account for 50 to 70% of the substitutions (6) . Although the precise roles of the acetyl xylan esterase and other esterase activities of B.fibrisolvens strains in the degradation of plant cell walls, hemicelluloses, and xylans are unknown at this time, it would seem that these activities complement the xylanase activity to enhance overall degradation, as suggested by some preliminary studies with fungal systems (3) . We are currently exploring this possibility by purifying these enzymes from selected B. fibrisolvens strains.
